Summary Six human melanoma xenograft lines grown s.c. in BALB/c-nu/nu mice weresubjected to 3'Pnuclear magnetic resonance ("P-NMR) spectroscopy in vivo. The following resonances were detected: phosphomonoesters (PME), inorganic phosphate (Pi), phosphodiesters (PDE), phosphocreatine (PCr) and nucleoside triphosphate y, a and P (NTPy, a and P). The main purpose of the work was to search for possible relationships between 3'P-NMR resonance ratios and tumour pH on the one hand and blood supply per viable tumour cell on the other. The latter parameter was measured by using the 'Rb uptake method. 
No correlations across the tumour lines were found between tumour pH and tumour bioenergetic status or any other resonance ratio on the one hand and blood supply per viable tumour cell on the other. The differences in the 3IP-NMR spectrum between the tumour lines were probably caused by differences in the intrinsic biochemical properties of the tumour cells rather than by the differences in blood supply per viable tumour cell. Biochemical properties of particular importance included rate of respiration, glycolytic capacity and tolerance to hypoxic stress. On the other hand, tumour bioenergetic status and tumour pH were correlated to blood supply per viable tumour cell within individual tumour lines. These observations suggest that 31P-NMR spectroscopy may be developed to be a clinically useful method for monitoring tumour blood supply and parameters related to tumour blood supply during and after physiological intervention and tumour treatment. However, clinically useful parameters for prediction of tumour treatment resistance caused by insufficient blood supply can probably not be derived from a single 3'P-NMR spectrum since correlations across tumour lines were not detected; additional information is needed.
Studies of experimental tumours have suggested that 31P-NMR spectroscopy may become a useful tool in prediction and assessment of tumour treatment response (Evanochko et al., 1984a; Daly & Cohen, 1989; Steen, 1989; Rofstad, 1990 ).
3"P-NMR spectroscopy has been used to study tumour metabolism during unperturbed tumour growth (Evanochko et al., 1982; Ng et al., 1982; Okunieff et al., 1986; Rofstad et al., 1988b; Koutcher et al., 1990) and to monitor tumour response to radiation therapy (Sijens et al., 1986; Tozer et al., 1989; Koutcher et al., 1992) , hyperthermia (Lilly et al., 1984; Sijens et al., 1989; Vaupel et al., 1990) , chemotherapy (Evanochko et al., 1983; Naruse et al., 1985) and photodynamic therapy (Ceckler et al., 1986; Chapman et al., 1991) .
These studies have shown that 31P-NMR resonance ratios may differ considerably among tumour lines (Evanochko et al., 1982; Ng et al., 1982; Rofstad et al., 1988b) and in individual tumours before and after therapy (Lilly et al., 1984; Naruse et al., 1985; Ceckler et al., 1986; Sijens et al., 1986 (Rofstad, 1990; Steen, 1991) . Thus, the level of high energy phosphates in tumours has been shown to decrease with increasing tumour volume and immediately after hyperthermic and photodynamic therapy, due to decreased blood flow (Okunieff et al., 1986; Vaupel et al., 1990; Chapman et al., 1991) . Radiation therapy and chemotherapy usually induce an increase in the 3"P-NMR tumour energy status, consistent with reoxygenation due to increased blood flow (Rofstad, 1990; Tozer et al., 1989; Steen, 1991) . Moreover, tumour blood flow cessation or reduction induced by clamping (Bremner et al., 1991) , hypovolemic hemoconcentration , use of systemic vasodilators (Bremner et al., 1991; Tozer et al., 1990; Okunieff et al., 1988) or administration of cytokines (Kluge et al., 1992) Lyng et al., 1992) . The growth and blood flow characteristics were found to differ considerably among the lines. The purpose of the study reported here was: (a) to search for possible differences in 31P-NMR resonance ratios among tumour lines; and (b) to investigate whether the differences could be attributed to differences in tumour blood flow. Tumour lines of the same histological type were chosen for the study to minimise possible effects of cellular differences among the lines, thus increasing the probability of finding clinically useful correlations across tumour lines. Blood supply per viable tumour cell was used as parameter for blood flow because this parameter is of major importance for the cellular uptake of oxygen and glucose (Lyng et al., 1992) . The spin-lattice relaxation times (Tls) of the seven major resonances in the 3"P-NMR spectrum have been determined for the six tumour lines used here (Olsen et al., 1993) . These T,s were used in the present work to correct resonance ratios for effects of partial saturation.
Materials and methods

Mice and tumour lines
Male BALB/c-nu/nu mice, 8-10 weeks old, were used. They were bred at the animal department of our institution and kept under specific-pathogen-free conditions at constant temperature (24-26°C) and humidity (30-50%). Sterilised food and tap water were given ad libitum.
The melanoma xenograft lines (BEX-t, COX-t, HUX-t, ROX-t, SAX-t, WIX-t) were established in athymic mice from metastases of patients admitted to The Norwegian Radium Hospital V=/6-ab2 (1) where a and b are the longer and the shorter of two perpendicular diameters, respectively. Blood flow was measured by using the 86Rb uptake method (Lyng et al., 1992) . Blood supply per viable tumour cell was calculated by correcting the data for cell density and fraction of necrotic tumour tissue. The growth and blood flow characterstics of the lines have been reported elsewhere Lyng et al., 1992) . Blood flow parameters of relevance for the present study are summarised in Table I The choice of acquisition parameters was a compromise between the wishes for high sensitivity, short acquisition time and almost complete relaxation. The acquisition parameters did not allow for full relaxation of the spin magnetisation. The resonance ratios were corrected for effects of partial saturation using the T,s reported elsewhere (Olsen et al., 1993) and the relationship:
where Mz is the longitudinal component of the magnetisation, Mo is the equilibrium magnetisation and TR is the acquisition repetition time.
Tumour pH was calculated from the chemical shift of the Pi peak with reference to the PCr peak using the HendersonHasselbalch equation with pKa = 6.803 (Ng et al., 1982) . In a few spectra the PCr peak was poorly defined, and a reliable estimate of tumour pH could not be calculated. Tumour pH measured by 31P-NMR spectroscopy reflects mainly the intracellular pH (Tannock & Rotin, 1989) .
Spectra of a phosphorus-free gel material implanted s.c. in the mouse flank were obtained to determine whether signals from skin and underlying muscle tissue would contribute to the tumour spectra. No mobile phosphates were detected, showing that the tumour spectra were not contaminated by signals from adjacent muscle and skin (Figure la) . The reproducibility of the spectrum acquisition was assessed by comparing different spectra obtained from the same tumours. The reproducibility of the spectrum analysis was assessed by processing and analysing individual spectra several times. Both reproducibility tests gave entirely satisfactory results both when resonance ratios and pH were considered ( Figure  2 ).
Statistical analysis An analysis of variance was applied to investigate whether a tumour parameter differed significantly among xenograft lines, and a Student-Newman-Keuls test was applied to identify the lines that differed from each other (Godfrey, 1985) . Statistically significant correlations between two different parameters measured for the same lines were searched for by performing a two-tailed t-test of correlation coefficients deter- mined by linear regression analysis. A significance level of P = 0.05 was used throughout.
Results
31P-NMR spectra
Typical 31P-NMR spectra of small SAX-t and WIX-t tumours are shown in Figure 1 . The tumours of all lines showed qualitatively similar spectra. In some spectra, particularly from large tumours, no PCr resonance could be seen. The PME and PDE resonances often appeared as doublets.
The resonance assignment in Figure 1 is in accordance with results from analyses of perchloric acid tumour extracts (Evanochko et al., 1984b; Corbett et al., 1987) . peaks corresponding to PME, Pi, PDE, PCr, NTP'y, NTPN and NTPP. In b the resonance ratios were calculated to be 0. 13 (PME/total), 0. 18 (Pi/total), 0.06 (PDE/total), 0.09 (PCr/total), The PME/total, Pi/total, PDE/total, PCr/total, NTPy/total, and 500 mm3 (P < 0.05) (Figure 3a ) and the (PCr + NTPP)/ total resonance ratio was enhanced at a tumour volume of 1,000 mm3 (P < 0.05) (Figure 3b ). Consequently, the (PCr + NTPP)/Pi resonance ratio was elevated at all tumour volumes studied (P < 0.05) (Figure 3c ). The NTP'y/total and NTPN/ total resonance ratios did not differ significantly among the xenograft lines (Table II) . The BEX-t line showed no change in bioenergetic status with increasing tumour volume (Table II) . Thus, no change was found in the Pi/total and (PCr + NTPP)/total resonance ratios either. The other lines showed a significant decrease in bioenergetic status with increasing tumour volume (P < 0.05) ( Table II) . The decrease was a consequence of an increase in the Pi/total resonance ratio (P <0.05, except for the ROX-t line) as well as a decrease in the (PCr + NTPI3)/total resonance ratio (P < 0.05). The decrease in -the (PCr + NTPP)/total resonance ratio was either mainly due to a decrease in the PCr/total resonance ratio (COX-t and HUXt) or mainly due to a decrease in the NTPP/total resonance ratio (ROX-t, SAX-t and WIX-t), depending on the tumour line ( Figure 4) . The NTPy/total and NTTPN/total resonance ratios showed no significant volume-dependence for any of the xenograft lines (Table II) .
The PME/total and PDE/total resonance ratios showed only minor differences among the xenograft lines and no significant changes with increasing tumour volume for any line (Table II) .
Tumour pH differed among the xenograft lines at small tumour voluimes, whereas only insignifica-nt differences were found at large tumour volume-s (Table II) . Tumour pH was higher for the COX-t, HUX-t, ROX-t and WIX-t lines than for the SAX-t and BEX-t lines at a tumour volume of 500 mm3 (P <0.05) (Figure 3d ). The BEX-t line showed a lower pH at a tumour volume of 200 mm3 than the SAX-t line (P < 0.05). Moreover, the BEX-t line showed no change in tumour pH with increasing tumour volume, whereas the other lines showed a significant decrease (P < 0.05). The magnitude of this decrease differed among the lines (Table  II) . Previous work has shown that tumour pH is related to bioenergetic status, but different relationships may exist for different tumour lines (Rofstad et al., 1988d) . Linear curves were fitted to plots of tumour pH vs the (PCr + NTPP)/Pi resonance ratio. The slopes of the curves differed among the lines, as illustrated for the BEX-t and COX-t lines in Figure  5 . A significant decrease in tumour pH with decreasing bioenergetic status was found for the COX-t, HUX-t, SAX-t and WIX-t lines (P <0.05). Tumour pH for the BEX-t and ROX-t lines was found to be independent of bioenergetic status.
Relationship to blood supply The xenograft lines showed considerable differences in tumour blood supply (Table I) (Figure 6b) .
The correlation between tumour pH and bioenergetic status differed between the different xenograft lines ( Figure  5 ). The slope of the linear curves fitted to plots of tumour pH vs bioenergetic status was positively correlated to blood supply per viable tumour cell, independent of whether blood supply per viable tumour cell was measured at tumour volumes of 200, 500 or 1,000 mm3 (Figure 7) . Thus, the xenograft lines showing a high blood supply per viable tumour cell (COX-t, HUX-t, SAX-t) showed a large decrease in tumour pH with decreasing bioenergetic status, whereas the lines showing the low blood supply per viable tumour cell (ROX-t, SAX-t, WIX-t) showed only a small or no decrease in tumour pH with decreasing bioenergetic status.
Discussion
Methodological aspects
The 3"P-NMR spectra of the human melanoma xenografts studied here were qualitatively similar to those reported for other human tumour xenografts (Evanochko et al., 1982; Rofstad et al., 1988b Figure 4 The magnitude of the decrease in PCr/total a, and NTPP/total b, with increasing tumour volume for six human melanoma xenograft lines (BEX-t, COX-t, HUX-t, ROX-t, SAX-t and WIX-t). Bars: s.e. In a the decrease was statistically significant for the COX-t (P<0.005) and HUX-t (P<0.0005) lines. In b the decrease was statistically significant for the ROX-t (P <0.05), SAX-t (P< 0.05) and WIX-t (P <0.05) lines.
phocytes and endothelial cells may also contribute to the PCr resonance. The use of a copper foil Faraday shield and coils fitting closely around the tumours prevented spectrum contamination by signals from adjacent tissues in the present work. Thus, "P-NMR spectra of phosphorus-free phantoms showed no mobile phosphates (Figure la) . Moreover, histological analyses have shown that the melanoma xenografts contain only small amounts of connective tissue, and the infiltration of lymphocytes is sparse . The PCr resonance was therefore probably caused mainly by the melanoma cells themselves. The 3'P-NMR resonance ratios were corrected for effects of partial saturation (Table III) . Only minor differences were found between the uncorrected and corrected values. The WIX-t line showed the largest differences; e.g. the uncorrected value for the PME/total resonance ratio was 0.15 ± 0.01 at a tumour volume of 200 mm3, whereas the corrected value was 0.19 ± 0.01. The differences between the slopes of uncorrected and corrected curves describing the volume-dependence of the resonance ratios were also small. The largest differences were found for the BEX-t line; e.g. the slopes of the uncorrected and corrected curves for the NTPP/ total resonance ratio were 0.01 ± 0.02 and 0.06 + 0.02, respectively. The differences in the T,s between resonances were thus not large enough to cause major differences between uncorrected and corrected parameters at a repetition time of 2 s.
The "P-NMR resonance ratios differed considerably among individual tumours of the same xenograft line even when tumours were of similar size (Figure 2) . Repetitive acquisition of spectra from the same tumours and repetitive analyses of the same spectra showed that the experimental uncertainties were small (Figure 2 ), demonstrating that metabolic differences among individual tumours contributed significantly to the variability observed. This conclusion is in agreement with conclusions from studies of the metabolism of other human tumour xenografts (Kallinowski et al., 1988;  1989).
Biological aspects
The PME/total and PDE/total resonance ratios did not differ significantly among the xenograft lines. On the other hand, the xenograft lines showed large differences in tumour volume-doubling time and fraction of cells in S-phase (Lyng et al., 1992) . Tissue concentrations of phospholipids are associated with the rate of cell membrane synthesis and degradation (Miceli et al., 1988; Radda et al., 1989 ; Van der Grond et al., 1991) . It has been suggested that the PME and/or PDE resonances of 3"P-NMR spectra of tumours may be utilised to assess the rate of tumour cell proliferation (Smith et al., 1991; Kalra et al., 1993) . The data reported here does not support this suggestion. However, differences in volume-doubling time and fraction of cells in S-phase do not necessarily reflect differences in rate of cell proliferation. Moreover, a magnetic field strength of 4.7 T may be supoptimal for the detection of differences in PME and PDE resonances among tumour lines (Lowry et al., 1992) .
The bioenergetic status and the pH of the human melanoma xenografts were within the same ranges as those reported for other experimental human tumours (Rofstad et al., 1988b; Vaupel et al., 1989a (Evanochko et al., 1982; Okunieff et al., 1986; Rofstad et al., 1988b; Koutcher et al., 1990 (Table I) . Alternatively, it has been suggested that the changes observed in 3"P-NMR energy parameters during tumour growth are a consequence of increasing occurrence of acute hypoxia rather than increasing chronic nutrient deprivation (Freyer et al., 1991 (Lyng et al., 1992 (Tozer & Griffiths, 1992 (Figure 6b ). The differences in the magnitude of the decrease in tumour pH observed among the melanoma xenograft lines were therefore probably caused mainly by the differences in the magnitude of the decrease in blood supply per viable tumour cell. This conclusion is based on the assumption that the glycolytic capacity of the tumour cells showed only minor changes within the volume range studied.
The magnitude of the decrease in tumour pH with decreasing bioenergetic status was larger for the xenograft lines showing high than for those showing low blood supply per viable tumour cell (Figure 7) showing a relationship between 31P-NMR resonance ratios and tumour oxygenation. Thus, Evelhoch et al. (1986) found that the PCr/NTPP and NTPP/Pi resonance ratios were correlated to the 15Q perfusion in the well perfused tumour fraction using a mouse fibrosarcoma line. Similar relationships have been reported between 3"P-NMR resonance ratios related to tumour energy status and oxygen tension (Okunieff et al., 1987; Vaupel et al., 1989b; Sostman et al., 1991) , radiobiologic hypoxic fraction (Rofstad et al., 1988a; Wendland et al., 1992) , and oxyhemoglobin (HbO2) saturation status (Rofstad et al., 1988a,c) . The present results give further support to the suggestion that 31P-NMR spectroscopy may be a clinically useful method for monitoring tumour blood supply and parameters related to blood supply during and after physiological intervention and tumour treatment.
It has been suggested that 3"P-NMR resonance ratios may be used to predict tumour treatment response as well (Ng et al., 1982; Evanochko et al., 1983; 1984a) . However, prediction of treatment response requires correlations between 31P-NMR resonance ratios and physiological parameters across tumour lines. Rofstad et al. (1988a) found no correlations between 3"P-NMR resonance ratios and radiobiologic hypoxic fraction or HbO2 saturation status across tumour lines. However, two human ovarian carcinoma and two murine fibrosarcoma lines were used in their study; i.e. the tumour lines were of completely different origin. A more homogeneous tumour panel consisting of six lines of the same histological type was used in the present study. No correlations were found between 3'P-NMR resonance ratios and tumour blood supply across these lines either, indicating that clinically useful prediction criteria based on 3"P-NMR resonance ratios may be difficult to find. Consequently, 31p-NMR resonance ratios probably have to be supplemented with other data to be useful in prediction of tumour treatment response.
